The optimum temperature of protein synthesis in wheat seedlings (Triticum aestivum L.), measured as '4C-leucine incorporation, depends on the growing temperature. Plants grown at reduced temperature (4 C) reach their optimum at 27.3 C, whereas plants kept at 36 C have the highest rate of protein synthesis at 33 C. The transition is gradual. The activation energy of protein synthesis for seedlings grown at medium or reduced temperature is lower (about 11 kcal/ mole), than for plants grown at higher temperatures (13 kcal/mole). The decline of the rate of protein synthesis beyond the temperature optimum is also affected by the growth temperature; only plants kept at 30 or 36 C show a sharp decrease with increasing slope; plants kept at 4, 10, and 20 C exhibit a linear and comparatively moderate de-cline.
Study of the temperature adaptations of organisms, including plants, has two aspects: the study of climatic ecotypes which are investigated to find out how genetic adaptation to varying temperature conditions operates (2, 3, 23, 29) ; and the study of a so-called capacity adaptation, which occurs when the temperature-dependence curve of any physiological or biochemical parameter is influenced by a temperature pretreatment (acclimation) of the experimental organism (26) . Obviously the ability for capacity adaptation is genetic. Much of the interest in capacity adaptations of plants is focused on extreme temperatures: cold and heat hardening. Theory for frost resistance and hardiness is relatively far advanced (9) , but the capacity adaptation to high temperatures still lacks any sound molecular explanation, although thermal denaturation of proteins and nucleoproteins (25) is generally assumed to determine the upper temperature limits for life.
The basic problem of reaction-rate compensation to temperature changes is one of regulating the rates of enzyme activity. Three major ways seem important: (a) changes in the concentration of preexisting enzymes; (b) changes in the types of enzymes present in the system, i.e. temperature-specific isoenzyme patterns; and (c) modulation of the activities of preexisting enzymes, e.g. by alteration of activation energies and substratebinding affinities (Km) (10) . Enzyme or protein concentrations are influenced by several interacting and often opposing factors. As temperature increases, denaturation increases, but so does rate of protein synthesis, as well as proteolytic and other enzyme IThis work was supported by Deutsche Forschungsgemeinschaft. inactivating metabolic activities. Below a critical temperature range, metabolic balance is preserved, but above some temperature threshold, thermal denaturation and metabolic degradation of protein become increasingly important. When protein synthesis and/or other adaptive mechanisms can no longer compensate for this metabolic stress, breakdown of metabolism will occur. Plants able to maintain high rates of protein synthesis at higher temperatures may be better able to cope with heat stress. The essential adaptation must be a special type: namely, "inverse compensation," in which case adaptation consists of a stimulation (instead of inhibition) of any experimental parameter by temperature increase (26, 30) .
To investigate this possible means of temperature adaption, wheat seedlings were used to study the effects of different temperature pretreatments (i.e. acclimation temperatures) on the temperature characteristics of protein synthesis measured as 14C-leucine incorporation. Optimum temperatures for protein synthesis and temperature coefficients were estimated from Arrhenius plots. The term "activation energy" is used in a broad sense, although strictly speaking it should be reserved for single reactions, and should correctly be termed activation enthalpy, because the entropy of activation cannot be determined with the methods applied in this investigation. The data on temperature effects on protein synthesis are relevant only if the method for estimation of protein synthesis is reliable, so some aspects of this method are discussed briefly. Leucine is one of several amino acids that seem to be particularly useful as labeled precursors for estimates of protein synthesis. Rates of leucine uptake into plant cells are considerably higher than for many other amino acids (1); leucine is incorporated rapidly and specifically into the protein fraction; loss of leucine carbon versus respiration is minute; and transformation of leucine into other amino acids or incorporation into insoluble carbohydrate is remarkably small (15, 20) . The lag phase for incorporation of leucine into protein is short (4 min in our experiments), since the metabolic pool of leucine is small compared to the total soluble pool (24) . Incorporation rates of labeled precursor are nearly constant and independent of concentration within limits, namely, when high concentrations are used (i.e. 10-3 M leucine in our experiments) at which the specific activity of the metabolic pool approaches that of the added label (swamping; 12). However, to avoid possible metabolic disturbances resulting from such high concentrations of amino acids, incubation time should be minimized. A short incubation time should be adhered to also for the following reasons. First, the method of total immersion of the shoots into leucine solution is not physiologically realistic, in spite of the linearity obtained. Second, the seedlings should not be exposed to temperatures different from the temperature pretreatment for a time longer than absolutely necessary, otherwise their temperature adaptation might be endangered during the leucine incorporation experiments performed at temperatures from 5 to 50 C.
MATERIAL AND METHODS

Plant
Determination of Protein Content and Incorporated Activity. Ethanol extraction of pigments and other solutes (including nonincorporated 14C-leucine) was carried out as follows. The ground material (frozen "dry" powder) was transferred into centrifuge tubes, and 40 ml of 80% ethanol were added to each sample.
After stirring, the homogenate was centrifuged at 30,000g (15 min) and the supernatant discarded. This procedure was repeated until the supernatant was colorless. The pellet was treated with 5% trichloroacetic acid for 20 min at 80 C to solubilize nucleic acids and then rinsed once in a small Buchner funnel with cold trichloroacetic acid, 4 times with distilled H20, and twice with dry acetone (14) .
For estimation of protein content and radioactivity incorporated into the protein fraction, the samples (including filter paper disks) were transferred back into centrifuge tubes, and 10 ml of Biuret reagent were added. After 3 hr, when maximum absorbance was reached, the supernatant was cleared by centrifugation, and absorbance was measured at 540 nm against a Biuret blank. Protein concentration was estimated from a standard curve, using purified wheat protein. The Biuret test was calibrated against the micro-Kjeldahl method (Fig. 3 ). An aliquot of the Biuret-protein solution was used directly for determination of radioactivity: 0.4 ml was mixed with 15 (Fig. 2) . In the following, all results are expressed in dpm/mg protein, since fresh tal protein fraction weights were variable and dependent upon experimental condiirly constant for at tions.
It was necessary to insure at the beginning that leucine uptake from external solution is not only linear but also does not itself affect the rate of protein synthesis of the seedlings. Hence an experiment was designed to check this: 'IC for incorporation into protein was furnished via photosynthetically assimilated gaseous /4CO2 to plants in contact either with nonradioactive leucine solution or with water. Shaking of the closed flasks insured constant saturation of the solution with HC03-. Plants were in contact any time both with the solution and with the '4C02-containing atmosphere. Figure 4 shows that for at least 60 min the incorporation of assimilation products into protein is identical for plants immersed in water and in leucine, so external leucine does not influence protein synthesis. This indicates that any disruption of metabolic pathways associated with protein synthesis by high concentrations of '-'C-leucine is unlikely to occur and that the temperature coefficient for leucine incorporation into protein does not reflect the temperature dependence of leucine uptake.
The Arrhenius plots for all five different temperature pretreatments are shown in Figure 5 . The following three points are notable. First, the optimum temperature of protein synthesis 45 [rrin] 60 shows a positive correlation with acclimation-temperature. The opd assimilation prod-timum temperature for seedlings kept at 4 or lOC is close to 27.5 C; ither with 14C02 and 35 C is the optimum temperature for plants pretreated at (Table I ). The protein content of seedlings acclimated to 10 and 36 C, respectively, differs only by about 17% on a dry weight basis (Fig. 6, inset) . Hence the shifts of the optimum temperature of protein synthesis and the increase in activation energy bring about a substantial enhancement of protein turnover.
DISCUSSION
The Arrhenius curves for protein synthesis in wheat shoots closely resemble the Arrhenius curves for a single, enzyme-catalyzed reaction, except for the fact that with plants acclimated to 4 to 20 C the decline beyond the temperature optimum is rather gradual. Arrhenius plots of other complex biological processes such as photosynthesis (2) , bacterial growth (13), or oxidative respiration of mitochondria (21) may in certain cases also give a linear curve over a wide temperature range with a rather sharp inflection point when the optimum temperature is reached. The simplest, though not entirely precise, interpretation is that under such conditions the rate of the total process, consisting of several steps, is largely limited by the slowest reaction (5) . Naturally, the Arrhenius curves of protein synthesis alone give no indication of what the rate-limiting reaction might be following a certain temperature pretreatment. The linearity of the ascending part of the curves favors the conclusion, however, that this reaction is directly involved in polypeptide formation, rather than being peripheral. It seems highly unrealistic to assume that a peripheral reaction would be able to impose its reaction rate and, hence, temperature characteristics on an entire metabolic network as complex as protein synthesis.
The acclimation of wheat seedlings to high growth temperatures can be explained in different ways. Several metabolic steps of protein synthesis may become rate-limiting successively as acclimation temperature rises. For example, specific metabolic pathways might be enhanced or suppressed as a result of temperature changes, because the temperature-dependence of MichaelisMenten constants of certain key enzymes is different (7, 10, 30) . Alternatively, only one enzymic reaction might limit the rate of protein synthesis over the whole range of acclimation temperatures, whereby the enzyme either gradually changes its temperature characteristics by undergoing alterations of its 30 and 40 structure (6, 18, 29) or it is active as one of several isozymes, each specifically suited for function in distinct thermal ranges (10). Plant Physiol. Vol. 56, 1975 Among the weak interactions determining the higher orders of protein structure, hydrophobic bonds and hydrogen bonds are most essential. Hydrophobic bonds are predominantly important for cold inactivation of enzyme molecules because their "free energy of denaturation" becomes negative at low temperature (4, 17, 19) . Hydrogen bonding, on the other hand, becomes weakened at high temperature (11, 16, 27 (8, 30, 31) . In plant metabolism, however, it is photosynthesis which exhibits this adaptation pattern (22) . Generally, inverse compensation is assumed to be participating in the mechanisms for homeostatic control of metabolism, being required to maintain metabolic balance, rather than to disturb it (30) . Our 
